ABSTRACT In a simulation study, we show that correlated two-dimensional frequency-resolved fluorescence spectra of a quantum dot in a microcavity provide a sensitive probe for the distribution of multiexcitons. Polariton couplings lead to a fine structure of Rabi multiplets that allow us to resolve otherwise overlapping features of the different multiexcitons. These may be used to probe multiexciton generation.
M
ultiexciton generation (MEG) [1] [2] [3] in quantum dots (QDs) produces multiple electron-hole pairs (multiexcitons) upon absorption of a single photon and can thus enhance the efficiency of solar cells. In a typical transient absorption (TA) or fluorescence (TF) experiment, a pump photon of energy well above the excitonic band gap, for example, pω ) 3E g , creates high energy carriers whose inelastic scattering generates the multiexcitons. In bulk semiconductors, competition from ultrafast interband relaxation due to electron-phonon scattering and momentum conservation in the crystal result in a low MEG efficiency and high activation energy for their formation. 4, 5 In QDs some of these processes may be suppressed or enhanced due to the discrete energy level structure and since momentum conservation no longer holds. The "phonon bottleneck" effect reduces phonon-assisted relaxation rates. On the other hand increased electron-hole Coulomb interaction greatly enhances the rate of Auger cooling as well as the inverse Auger process of impact ionization. The former is the process whereby the hot electron relaxes to its ground state and the excess energy is transferred via Coulomb scattering to the hole, which is excited deep into the valence band. The latter describes a highly excited carrier decaying to its ground state meanwhile exciting a valence electron across the band gap, thus producing two electron-hole pairs from one. Numerous experiments suggest that this is the primary mechanism for MEG QD's (see refs 6 and 7 and references therein). TA measurements focus on the pump-induced absorption changes of the probe that are primarily attributed to the Coulomb interactions. 4, 8 MEG is usually followed by Auger recombination of multiexcitons. The MEG quantum yield (QY) is defined as the number of electron-hole pairs harvested from a pump photon of a given energy. The MEGinduced changes in TA had suggested that a single photon could generate up to seven e-h pairs (QY ) 7) in PbSe 1, 6 after a certain energy threshold the QY becomes linear with the pump photon energy. Environment and growth methods of QD's may reduce the QY. In contrast, some recent TF spectroscopy experiments performed on CdSe and CdTe nanocrystals showed no MEG. 9 TF is particularly sensitive to the relaxation mechanisms that compete with radiative recombination. Both types of the transient signals are based on the deviation of the multiexciton distribution from the Poissonic form expected for TF induced by multiphoton absorption without MEG. 1, 10 An alternative MEG model, based on the exciton spectral density, was proposed in ref 11 . A more detailed description of MEG dynamics based on series of odd-ordered interband scattering events was developed in ref 7 . In all transient measurements, the multiexciton states are distinguished by their different Auger rates. However this analysis is not always straightforward since the Auger process may be suppressed if the multiexcitons are redistributed among several QD via, for instance the Forster mechanism. In ref 12, the authors argue that resonant Forster transfer can be as fast or faster than Auger process once the QD's are embedded in organic layers. In fact, it competes with the impact ionization which is all but instantaneous (<200 fs in some cases). Because of this competition, it was hard to pinpoint the carrier multiplication using conventional transient techniques which are based on monitoring discrete Auger decay. Such transfer is beyond the scope of the presented theory, but one could easily replace the polariton picture with the hybrid organic/QD exciton in search for the MEG effect in the photoluminescence spectra. Of course, the nonlinearities acquired in the organic material may play crucial role.) Developing new spectroscopic probes for the distribution of number of multiexcitons could help pinpoint the MEG mechanism. Frequency-resolved fluorescence is not adequate since the various transitions between N and N -1 exciton states overlap.
In this letter, we argue that these difficulties may be overcome by inserting the QD in a resonant microcavity. The excitons then become dressed with photons thus forming elementary excitations known as polaritons. The entanglement between excitons and photons results in a fine structure of the multipolariton states. When the excitons may be treated as weakly interacting bosons, this fine structure is represented by Rabi multiplets in the emission spectra. Unlike multiexciton emission, the Rabi multiplets may be well separated spectrally and may reveal the initial polariton distribution. Here, we show that the frequency resolved single and two-photon fluorescence correlation spectra are highly sensitive to the number of excitons and may thus be utilized as a probe for the MEG mechanism.
A QD in a microcavity is described by the Hamiltonian [13] [14] [15] The first two terms in H sys represent a weakly interacting boson model. The first term defines the lowest energy pω 1S QD excitons by means of its creation operator
and v is the phase-filling parameter. The second term, ∼g, is responsible for Coulomb exciton-exciton scattering. The parameters g and v may be adjusted to represent the exciton energies and transition dipoles of the QD. These parameters can adequately represent the system with a few excitons as follows from either Usui transformation 16 or the renormalized bosonic interaction of excitons. 13 Alternatively, g can be extracted from the MEG activation energy threshold as argued by Schaller in ref 17 . This gives g ∼ 2-9 meV in the core-shell configuration of the QDs. In refs 18 and 19, a "giant" exciton-exciton repulsion of 100 meV is reported, and tools to calculate/measure (transient absorption/bleaching) this quantity are provided. For typical QDs one has g/vG ) 3, 20 unless one filters out the left (or right) circular polarization of the cavity photons, 13 making the ratio to be g/vG , 1. Additional terms in the expansion of B † and the Hamiltonian may be needed for a more accurate description of the multiexcitonic states. 21 By treating these parameters phenomenologically, we can describe a broad range of type and shape of QDs.
The third and the fourth terms in H sys describe the microcavity and its coupling to the QD, respectively. We assume a single cavity mode with frequency ω C and creation (annihilation) operators a † (a); G is the Rabi frequency. H int represents the interaction of the QD with the continuum of freefield mode i with the electric field operator E i (t) + E i † (t). If we expand H sys in b † (b) to quadratic order, we can diagonalize it using Schwinger's angular momentum representation of bosonic operators. 22, 20 We can then treat the higher order terms perturbatively to first order in g and v, thus obtaining the polariton energies E j,m and transition dipole moments µ j m; j′,m′ (see Supporting Information for details). For a fixed number N of polaritons, j ) N/2 describes polariton levels and m ) N/2, ..., -N/2 stands for the sublevels (polariton fine structure). This representation gives j + m photons in the microcavity and j -m excitons in the QD. Simple algebra based on Baker-Hausdorff identity 22 There are several advantages to our simplified model over the first-principle calculations. These include description of polariton states formed by multiexcitons of higher order than biexcitons and fully analytical expressions for the fluorescence signals. These will be calculated using the polariton eigenvalues, transition dipoles, and dephasing rates (see Supporting Information for details). The frequency-resolved fluorescence is described by the Close time path loop (CTPL) diagram shown in Figure 1a 24,25 yielding
Here P(j, m) is the distribution of states; Green's functions are the matrix elements of the propagator in the polariton basis
; the dephasing rate of the corresponding transition γ is related to the quality factor of the cavity by Q ) ω C /γ.
A higher level observable is the two-photon correlation spectrum obtained by detecting both ω 1 and ω 2 photons within a gated time window. The corresponding CTPL shown in Figure 1b gives
When the pump beam is off-resonance, the system finds itself in a mixed multipolariton state. Both S (1) and S (3) depend on population distribution P(j, m), which determines the specifics of the population mechanism and can be utilized to search for MEG. Since the polariton sublevels m are very close in energy as compared to levels j separation, we shall assume that the initial distribution of the polaritons is independent of the sublevel index and set P(j, m) f P(j).
We then use the phenomenological theory developed in refs 1 and 10 to calculate polariton population distribution.
Let us first ignore MEG and consider multiphoton-induced fluorescence. When the pump photon energy is much larger than energy gap E g , carrier-induced absorption saturation is negligible. Thus, the probability of generation of an electron/ hole pair is independent of the number of pairs already existing. This yields a Poisson probability distribution to have N polaritons in a QD
The average single exciton population, 〈N 0 〉, is an experimentally determined parameter proportional to the pump fluence j p as 〈N 0 〉 ) j p σ a with σ a being the QD absorption 1-4) from the pump. These may be used to assign the multiexciton transitions in the correlation spectra for large exciton nonlinearities g, v.
cross-section. Equation 5 accounts for the nonbosonic nature of the excitons. 26 The MEG mechanism produces non-Poison distributions. We shall use the following model MEG-induced polariton distribution 10 for pump energy in the range 3E g < pω p < 4E g
The parameter η is related to the quantum yield by η ) (QY -1)/2; the integer [2j/3] means the ceiling of the ratio. For η ) 0, this reduces to the Poison distribution as in eq 4. Relative multipolariton contributions for various η are depicted in Figure 1d . Note that P(j, m) could be alternatively calculated by using the spectral density of the multiexciton states, as proposed in ref 11 . In that model, the quantum yield is the average exciton multiplicity. However this would require many adjustable parameters related to the underlying relaxation mechanism.
We assume the following microcavity parameters: the cavity mode is resonant with the exciton ω c ) ω 1S ≡ Ω. (The microcavity is made either of Bragg stacked mirrors 27 or a photonic crystal nanocavity. 28, 29 ) We display the signals vs. the detuning between the emitted light and the central frequency ω 1 -Ω. Assuming a quality factor, Q ) 13 000 gives the dephasing rate γ ) 0.01 meV. (Typical QD exciton lifetime is 10 -7 s and the biexciton lifetime is 500 ps, thus their contribution to γ can be neglected.) The quantum dot is assumed to be able to accommodate at least four excitons in the 1S lowest state. This will allow us to neglect possible saturation effects and the signatures of multiexcitons formed by various types of excitons. Lead salts (PbS, PbSe, and PbTe) quantum dots 30 of radius more than 10 nm are good candidates for our model. These have direct band gaps (for PbSe, E g ) 0.28 eV) at four equivalent L points in the Brillouin zone. The bottom of the conduction band has L 6 -symmetry in the double group notation, and the top of the valence band has L 6 + symmetry. 31 Spatially, the valence band-edge Bloch functions are s-like, while the conduction band-edge Bloch functions are p 〈111〉 -like, where 〈111〉 denotes the direction in the cubic lattice. Therefore the transitions are optically active and may be described by the transition dipole moment µ cv . On average, only one percent of the quantum dots absorbs more than one photon 〈N 0 〉 ) 0.01. We are thus far from saturation. This parameter defines the Poisson distribution eq 4 and the multiphoton induced fluorescence. To describe MEG-induced fluorescence, we vary the parameter η > 0. Figure 2 displays the fluorescence spectra in the strong polariton coupling regime G . g . νG. The following QD parameters were used: exciton-microcavity central mode coupling G ) 2.5 meV, the Coulomb matrix element g ) 0.3 meV (so that G . g), and the phase filling is neglected v ) 0. In the absence of MEG (η ) 0, QY ) 1) we have standard polariton emission. There are two resonances (Rabi doublet) provided by single polariton state and separated by 2G as shown in Figure 2(1.1) . The contributions of multipolariton states emission are too weak to be observable in S (1) . However they are clearly seen in the correlation spectra depicted in Figure 2(1.2) . The correlation resonances occur between ω 1 photon and virtual double photon ω 1 + ω 2 . In accordance with eq 3, the ω 1 resonances occur at the poles of the retarded Green's function G j0, m0; j0-1/2, m1 (ω 1 ) while the virtual double photon ω 1 + ω 2 resonances are given by the poles of the advanced Green's function across the loop G j0, m0; j0-1, m2 * ( ω 1 + ω 2 ). More precisely the correlation between N ) 1 (horizontal axes) and N ) 2 (vertical axes) show a ladder-like pattern resonances with horizontal and vertical steps the size of G and 2G respectively. We shall refer to these resonances as group A. For stronger MEG with η ) 0.1 (QY ) 1.2) the multipolariton emission is enhanced. Two additional peaks from N ) 2 manifold and separated by 4G are seen in Figure 2(2.1) . They correspond to Rabi quadruplet. The central two peaks are masked by the Rabi doublet. The S (3) spectra (Figure 2(2.2) ) also reveal correlation between N ) 3 and N ) 2 manifolds (group B). Further increase of the quantum yield (η ) 0.5, QY ) 2) shows N ) 3 Rabi multiplet (Figure 2(3.1) ). The central peaks of which are masked by the lower multiplets. Correlation resonances between N ) 3 and N ) 4 polariton states appears in Figure  2(3.2) . Rabi multiplets are slightly split by the Coulomb interaction. Figure 3 depicts spectra for QD with G ) g ) 2.5 meV and v ) 1/3. Because of strong nonlinearities, multipolariton transitions are seen even in absence of the MEG. However they become more pronounced with MEG. The Rabi multiplets become asymmetric and the emission is predominantly given by the excitonic part of the polariton manifolds. The Coulomb splitting is strong enough to mix the resonances from various multiplets. To assign the resonances and correlation resonances, we can record the spectra at different time snapshots after the pump. Different polaritons have different lifetimes τ j0 that follow from the biexciton τ 1 lifetime 32 as τ j0 ) τ 1 /j0 2 . These describe Auger decay of the polaritons via its excitonic part. We take snapshots at various t 0 's along the Auger driven multiexciton relaxation as shown in the frequency integrated spectra (Figure 1e) . Because of quantized Auger lifetimes the contributions from the multipolariton manifolds become less pronounced sequentially. The contributions from N ) 4 relax first then N ) 3 and so on until we are left with the Rabi doublet (N ) 2).
One of the most striking results of our simulations is that the fluorescence spectra from the pure excitons (Gf0) are not sensitive to the MEG parameter η. This holds for all confinement regimes above the saturation limit. Using near degenerate perturbation theory we obtain that with and
without MEG the central exciton resonance is just split into multiple exciton resonances separated by g (See Figure  3(3.1),(3.2) ). For excitons νGf0 phase space filling only modifies the relative peak intensities. Given the large dephasing rate these multiexciton resonances result in a nonLorentzian line shape. 33 Analogously, the polariton spectra become insensitive to the MEG mechanism for increasing detuning ∆ ) ω C -ω 1S . For moderate detuning, the relative intensity (but not the frequencies)) of the multiexcitonic peaks of the polariton emission is still sensitive to MEG, but for large detuning that effect vanishes. On the other hand the polariton emission spectra are more sensitive to the MEG parameter η as the coupling G is increased. A notable advantage of the proposed technique is its ability to detect signatures of MEG for pump fluence an order of magnitude smaller than those required for conventional TF. This may be used for MEG detection in solar cells exposed to relatively low intensity sunlight.
As a concluding remark let us investigate the effect of ensemble averaging on MEG. We modeled the exciton energy pω 1S as a Gaussian around the microcavity central frequency ω c , with variance σ 1S . Such distribution, rather than more conventional QD size variation, is not limited to spherical QD's and avoids the introduction of some additional phenomenological parameters such as size dependent exciton energy shift. 34 This simplification is possible only because variation of the exciton energy on a scale of a few meV shall not produce any perceptible variation in g. Indeed, the variation of g ) 3-9 meV mentioned before for the core-shell configuration required the variation in ω 1S ) 0.85-1.05 eV. We found that the distinct blue-shift of the central exciton resonance (of the order of g) is not affected by a few meV variation of the exciton energy. However the fine structure of exciton fluorescence spectra (Figure 3(d.1) ) is bleached for σ s1 as small as g/10. This makes the exciton spectra not only insensitive to the quantum yield, but also impractical for extracting information about the multiexciton states. The spectral signatures of MEG of polaritons persist until the mean variance σ 1S < G/p (see insets in Figure 2 ). Some weak features due to Coulomb term become bleached out, but the peaks for N ) 2, N ) 3 become recognizable when QY reaches certain threshold value. For pσ 1S ) pG ) 2.5 meV, we found the threshold to be η ≈ 0.3. For larger inhomogeneous broadening of the exciton energy the spectra bears the signatures of the single excitons coupled to the microcavity (see insets in Figure 2 ). This suggests that the preferable method would be to vertically resolve the spectra from different QDs. 35 In this case, one can neglect the inhomogeneous broadening and set spectral resolution to ∼G/10 meV. In the large nonlinearities regime, the MEG signatures persist up to a few g of the variance (see insets in Figure 3 ). Even though the fine structure is smeared the spectra are clearly distinct for various values of the quantum yield. For a given variance, the QY of the threshold for spectrally observing MEG of polaritons is substantially lowered by increasing exciton Coulomb scattering. It is surprising since usually it is a polaritons that are sensitive to the detuning. Their spectra are usually measured by varying the temperature, which slightly affects the exciton energy around the microcavity central frequency. In summary, the polariton spectra are sensitive to both the multiexciton distribution and exciton energy distribution. The first may allow to observe the multiexciton generation without referring to the transient measurement and discrete Auger lifetimes. On the other hand, the uncertainty in the QD size is an impeding factor for such measurements. For large Coulomb repulsion, one might observe the signatures of MEG of polaritons even from an ensemble of QDs with inhomogeneous broadening of the order of g.
